ABSTRACT This study investigated the inßuence of climate variables on insect establishment patterns by using discriminant analysis to classify the climatic preferences of two groups of polyphagous insect species that are intercepted at New ZealandÕs border. One group of species is established in New Zealand, and the other group is comprised of species that are not established. The discriminant analysis classiÞed the presence and absence of most species signiÞcantly better than chance. Late spring and early summer temperatures correctly classiÞed a high proportion of sites containing the presence of both established and nonestablished species. Soil moisture and winter rainfall were less effective discriminating the presence of most of the species studied here. Cold winter air temperature was also a good classiÞer for the insect species that are not established in New Zealand. This study showed that multivariate statistical techniques such as discriminant analysis can help distinguish the climatic limits of insect distributions over large geographical scales.
Climate is a dominant inßuence on the behavior, abundance, and distribution of insects, with temperature being the most dominant variable (Messenger 1959 , 1976 , Cammell and Knight 1992 , Worner 1994 , Sutherst et al. 1995 . Many studies measure an insectÕs physiological response to varying temperature in the laboratory, but unless very detailed, these laboratorybased studies may not relate well to the Þeld because a combination of abiotic and biotic factors will alter a speciesÕ response to temperature (Messenger 1959) . While rainfall and humidity are also important variables for insect survival, the interaction of these variables with temperature and the effect of that interaction on insects are difÞcult to quantify (Messenger 1959, Cammell and Knight 1992) .
Seasonal changes in climate variables in different geographical areas will alter insect behavior in different ways. In temperate and continental climates, many species have adapted physiologically to temperature extremes through diapause, hibernation, or migration. While some tropical insect species have potential to establish and survive in cooler climates, their successful establishment is dependent on having long periods of optimum temperature conditions to complete their development.
Because climate variables can inßuence insect survival, it is useful to determine the individual effects of each variable on the species at different times of the year, according to the season. For example, early studies showed that the monthly spring precipitationevaporation ratio was a predictive index of spring outbreaks of the grasshopper Austroicetes cruciata (Saussure) in South Australia (Messenger 1959) . To develop useful indices and to assist more detailed modeling, multivariate statistical techniques, for example, discriminant analysis, could be useful especially for analyzing data over a large geographic scale. These methods can identify the climatic limits of insect distributions by identifying climate variables that are inßuential in the site discrimination of insect species. Such analyses are often used to predict the distribution of other organisms; for example, Diekmann (1992) used discriminant analysis of mean daily temperature and rainfall patterns to predict outbreaks of Ascochyta blight on chickpea (Cicer arietinum Linnaeus). Similarly, Ward (1994) used temperature and rainfall variables identiÞed by discriminant analysis to predict the spatial distribution of cattle infected with bluetongue virus whose spread is attributed to a midge vector, Culicoides brevitarsis Kieffer, in Queensland, Australia. When combined with geographic information systems (GISs), discriminant analysis has been shown to be a useful tool for forecasting the occurrence of other insect pests. Examples include the studies by Liebhold (1997, 2002) predicting outbreaks of the budworm Choristoneura fumiferana (Clemens) and the beetles Dendroctonus frontalis Zimmermann and Dendroctonus ponderosae Hopkins under climate change scenarios. Discriminant analysis has also been used to identify which climate and soil variables are related to changes in Colorado grasshopper densities (Skinner and Child 2000) .
A discriminant analysis was used to classify the presence or absence of each insect species in the two study groups, one established in New Zealand and one group not established in New Zealand, based on climate variables at global geographic sites. The identiÞcation of the climate variables that best discriminated the presence or absence of the species in each group at particular sites may help explain why some insect pests are more successful invaders of new habitats than others.
Materials and Methods
A list of all polyphagous insect species intercepted between 1993 and 1999 in New Zealand were extracted from interception data (Ministry of Agriculture and Forestry, New Zealand). The polyphagous insect species were randomly selected and placed into one of two groups. One group consisted of 15 insect species that are currently intercepted but had established in New Zealand and the second group consisted of 19 species that are intercepted but have not established and were considered as unsuccessful invaders. The global distribution of each insect species was determined by a search of CABI abstracts 1972Ð2000 (CAB International 2004a), CABI crop compendium (CAB International 2004b), and CABI pest distribution maps (CAB International Institute of Entomology 1961). Meteorological data from a database of 7,533 global geographic sites were correlated to locations where each insect species was considered present as well as sites where it was considered absent. Species were considered absent at a site if no records were found of their presence after a thorough literature search. The climate variables listed in Tables 1 and 2 used for the discriminant analysis were mean monthly air temperature (ЊC) and precipitation (mm) for spring, summer, autumn, and winter and annual rainfall (mm/yr A linear discriminant analysis (Minitab; Minitab 1996) was conducted to determine which climate variables had the most inßuence on the classiÞcation of the presence or absence of each insect species over geographic sites. A discriminant analysis was applied to each individual climate variable (n ϭ 28) at every location where an insect species (n ϭ 34) was either present or absent.
A test of signiÞcance was carried out to evaluate the accuracy of the discriminant analysis over the total number of sites (n ϭ 7,533) in the climate database for each insect species. Because each species is recorded not present at a large proportion of global sites, the discriminant analysis may have difÞculty estimating the true absence of each species. If there is difÞculty in determining true absence, it would be expected that the results from the discriminant function would be no better than chance. To determine if this is the case, a test of proportions was carried out. The proportion of observations correctly classiÞed based on the climate variables were compared with the expected proportion of correctly classiÞed observations based on chance alone. The expected proportions were calculated using equation 1, which allows for different sample sizes within the groups and thus gives a more accurate estimate of the calculated expected proportions (Brown and Tinsley 1983) . p 1 a 1 ϩ p 2 a 2 ϩ . . . ϩ p k a k where: p 1 . . . k ϭ the proportion of actual observations belonging to each group, a 1 . . . k ϭ the proportion of observations classiÞed by the discriminant analysis as belonging to each group, and k ϭ the number of groups.
A Z-test (Sach 1984 ) of these proportions was used to determine whether the proportion of sites classiÞed for each insect pest species by discriminant analysis based on climate signiÞcantly exceeded the proportion of sites correctly classiÞed on the basis of chance alone.
Results and Discussion
The discriminant analysis classiÞed the sites significantly better than chance (Z ϭ 1.96, df ϭ 7531, P Ͻ 0.05) for both groups of insect species (established and nonestablished) over all sites (Tables 1 and 2 ). However, there were some exceptions particularly among the group of nonestablished insect pest species (Table 2) . ClassiÞcation by discriminant analysis was no better than chance for the following species: Aleurodicus dispersus, Aonidiella citrina, Aspidiella hartii, Geococcus coffeae, and Nysius vinitor. ClassiÞcation was also poor for the established species Epiphyas postvittana and Myzus ascalonicus ( Table 1) . The inability of climate variables to classify accurately these species may be related to the nature of their distributions. All of these species have small sample sizes of recorded establishment because they have restricted distributions either in small clusters in different global regions or conÞned to small latitudinal bands. For example, N. vinitor is conÞned solely to sites in Australia, and the moth E. postvittana is found in pockets of areas within the United Kingdom, northern Europe, Australia, Hawaii, and New Caledonia, and is widespread only in New Zealand. Species, such as A. dispersus and A. hartii are all restricted to the narrow subtropical climate zone (CAB International Institute of Entomology 1961). Such limited distribution information may not assist the discriminant classiÞcation, and poor predictions may be related to the way discriminant analysis classiÞes groups that have a small sample size. This shows the difÞculty that the discriminant analysis has in estimating the true absence of each species when a large proportion of the overall data consists of sites where the insect pests are considered absent. The inequality in the number of sites where insect species are found to be present in Titus 1988, James and McCulloch 1990) . In this case, site presence is more likely to be classiÞed correctly because the Mahalanobis distance is much smaller than the Mahalanobis distance for the larger group, consisting of the absent sites (Hair et al. 1995) . The overall result is a high proportion of correctly classiÞed presences and a high proportion of misclassiÞcation of the absent sites. It is possible to mitigate potential bias by making the presence and absence groups more even, for example, by a random sample of absent sites to provide an even number for analysis (Hair et al. 1995) . However, in reality, the geographic sites where insect pests are not found may provide more detailed information about the nature of an insect speciesÕ distribution. Thus, to fully understand any underlying patterns of climate interaction and insect site selection for this analysis, it was considered best to use as much of the available data as possible. New Zealand Established Insect Species. In Table 1 While environmental moisture has direct effects on insect life cycles, its effect on host availability and nutritional quality, which is in part controlled by both moisture and temperature, could be a key factor inßuencing the presence of some species at particular sites. For example, the combination of lack of plant growth, accompanied by hot temperatures, high solar radiation, and soil surface reßectance, has been known to suppress A. gossypii development in the summer months; conversely, Slosser et al. 1998 found that shade and low light levels were more conducive to this aphidÕs survival. The discriminant analysis results suggest that early summer temperature may be a limiting factor for site selection for this species (Table 1) . However, M. persicae populations explode in areas where cool, moist conditions are conducive to growth of its primary (Prunus spp.) and secondary hosts (Bar- Blackman 1974) . Dry conditions and temperatures exceeding 29ЊC tend to inhibit population growth of this species (Waterhouse and Sands 2001) . It seems that host availability is an important part of insect site selection, but it is difÞcult to determine its relative importance alongside climate variables. Insect species with obligatory diapause or dormant phases within their life cycle may be affected by long-term exposure to high temperatures that restrict development and are susceptible in areas that have seasonal drought (Messenger 1976) . Based on observations in the Þeld, prolonged hot and dry seasons produce the highest mortality in R. maidis (corn leaf aphid) (El-Ibrahy et al. 1972) and A. craccivora (Berg 1984) . Some aphids, for example, M. euphorbiae, are speciÞcally adapted to cooler environments; for example, in some areas, such as New Brunswick in Canada, colonies tend to be largest in spring and early summer when temperatures are relatively low (Barlow 1962) . The discriminant analysis suggests that late summer temperature and the level of soil moisture are factors that determine which sites will support establishment of these aphids.
Nonestablished New Zealand Insect Species. For the nonestablished species ( The nonestablished insect species tend to be inßu-enced more by temperature variables than the insect species that have already established in New Zealand. In New ZealandÕs temperate climate, lower developmental thresholds of some insect species would be expected to limit site selection more directly than the amount of growth or quality of the host plant, particularly in the autumn and winter seasons. On average, the nonestablished insect species have a higher developmental threshold (11.3 Ϯ 2.0ЊC, n ϭ 8) than the established insect species (7.4 Ϯ 1.56ЊC, n ϭ 10) (Peacock 2005 ). An examination of distribution data shows that many of the insects discussed above, for example, Aspidiotus and S. sacchari, are predominantly limited to subtropical regions where the minimum winter temperature does not drop below 2ЊC (HendersonSellers and Robinson 1986). Thus, their inability to survive cold stress seems to be a predominant factor limiting establishment in sites where autumn and winter temperature are particularly harsh, often falling below 2ЊC, especially in Northern Hemisphere continental areas and many temperate climates.
The distribution of the moth S. exempta may be related to its migratory ability and tropical wind patterns associated with rain that help spread the moth. Some have been known to migrate 86 km off-shore (Rose et al. 1995) . Often outbreaks in the tropics correspond with heavy outbreaks of rain and the resultant growth of the preferred host plant Poaceae (grains) (Yarro 1984) . Although there have been no studies on the lower developmental threshold of this species, it has been found that caterpillars complete development most rapidly between 25 and 27ЊC (Rose et al. 1995) , and Dewhurst (1999) suggested that permanent populations of this species would be at sites where average temperatures fall in the range between 17 and 27ЊC. Winter temperature (Table 2) would clearly be a possible factor determining presence or absence of this species. Unfortunately, data for the lower developmental temperatures of many insect species in this study are lacking, which makes it difÞcult to come to more speciÞc conclusions. SpeciÞc studies on lower developmental thresholds for many potentially invasive species will be very important for future risk assessments.
Summer temperature was the better discriminator of sites for L. trifolii and L. sativae, C. aonidum and H. assulta. The data show that these insects are established in sites that have maximum summer temperatures Ͼ18ЊC, indicating that summer temperature could be a limiting factor for these species by not providing sufÞcient warmth for reproduction and development if temperatures fall consistently below 18ЊC. For example, a study by Leibee (1984) on L. trifolii found that oviposition ceased at 15ЊC. This limiting temperature is close to the lower threshold of activity of 9.7Ð10.6ЊC (Leibee 1984, Miller and Isger 1985) . Leibee (1984) also found that population growth was at a maximum when the average air temperature reached 25ЊC. Species such as these apparently thrive in temperate continental regions because of the favorable summer climate conducive to development but also have mechanisms to survive the harsh winter where temperatures can drop well below 2ЊC. Similarly H. postica life cycle is speciÞcally adapted (Kuhar 2000) to survive in continental areas between 20 and 65Њ N, where there are extreme seasonal differences ranging from cold, dry conditions over the winter months to hot, arid summers, particularly in continental North America. Adult weevils are cold resistant and can tolerate prolonged temperatures as low as Ϫ18ЊC by overwintering under litter and survive the summer months by aestivating on the soil surface (Kuhar 2000) .
The discriminant function has shown that climate variables can directly or indirectly (through host availability or insect behavior) inßuence site establishment of insect species. In this study, monthly summer temperature variables seem to be good discriminators of insect species presence for both established and nonestablished species. However, for species that are not established in New Zealand, monthly winter and autumn temperature were also good classiÞers of site presence. However, species that have restricted distributions tend to be poorly classiÞed by the discriminant function. The variation in response to climate variables among insect species is clearly a combination of individual species physiological, behavioral, and/or other causal mechanisms, or even in some cases, poor information on the species true distribution, that will need further detailed study for individual species risk assessments.
